Abstract. The unsteady-state quasi-one-dimensional numerical simulations of the disk MHD generator have been conducted for various anode position. The results indicate that the non-equilibrium ionization instability of the plasma can be effectively suppressed by the appropriate anode position, and thus, the performance of the non-equilibrium disk MHD generator can be improved. Moreover, when the geometry and boundary conditions of disk MHD generator are determined, the optimal position of the anode is predicted to maximize the enthalpy extraction rate of the generator.
Introduction
Figure 1 is a schematic diagram of the structure of a disk MHD generator. In a disk generator, Joule heating is absorbed by the working gas seeded with a small amount of alkali metal. Since the mass of electron is much lighter than that of heavy particle, electron is more easily to absorb heat. Hence, the electron temperature is higher than the gas temperature, and the non-equilibrium plasma is generated. However, because of a partially ionized seed, the plasma non-equilibrium ionization instability occurs to increase the generator dissipation and so as to affect the generator performance seriously. In order to avoid the instability of non-equilibrium ionization of plasma, the generator should be operated under the condition of a fully ionized seed.
When the anode position is adjusted, the electron temperature at the channel inlet is affected. Because it is electric short circuit in the anode region, the electron temperature is usually very low. Then, this has an effect on the ionization state of the seed material near the channel inlet. If the anode position is inappropriate, the non-equilibrium ionization of the plasma in the generator channel will be unstable to be an obstacle to a high generator performance.
Most researchers have carried out a series of research under the fixed anode position [1] [2] [3] [4] [5] [6] [7] . Lin B C [8] conducted unsteady-state quasi-one-dimensional numerical simulations to investigate the influence of the inlet opening circuit part of the disk MHD generator on the stability of the generator in two cases.
In this paper, with the unsteady-state quasi-one-dimensional numerical simulations, the effect of the anode position on the performance of a non-equilibrium disk MHD generator is not only further examined, but the effect of anode position on the stability of non-equilibrium ionization of plasma is also revealed. Furthermore, the optimal anode position is given for the maximum enthalpy extraction rate of the generator.
Numerical Simulation and Conditions
The quasi-one-dimensional flow is an approximation of the actual three-dimensional flow in a path of a variable cross section. The flow field variable is assumed to be only a function of r. Because the interaction between the gas flow and Lorenz force in a disk MHD generator is essentially a one-dimensional phenomenon [9] , and the gas flow path is a variable section, and the gas dynamics parameters vary with time. Therefore, in this study, the research of the disk MHD generator is mainly carried out with the unsteady-state quasi-one-dimension numerical simulation.
Basic Equations and Numerical Procedures
The description of non-equilibrium plasma in a disk MHD generator is based on a two temperature model. A unsteady-state quasi-one-dimensional of non-equilibrium plasma MHD flow governing equations in a cylindrical coordinate system ( Figure. 1 ) are as follows.
1. System for charged particle 
2. System for heavy particle 
where
n is the ion number density of ith particle,
n is the ion production rate of ith particle, e n is the electron number density, i n is the atom number density of ith particle, A is the cross section area, β is the Hall parameter, k is the Boltzmann constant, e T is the electron temperature, e m is the electron mass, h m is the heavy particle mass, eh v is the collision frequency between electrons and heavy particles, i ε is the ionization energy of ith particle, ρ is the gas mass density, ( ) θ , r i u i = is the gas velocity component in ith direction, p is the gas static pressure, art p is the artificial viscosity, loss P is the wall friction, ( ) θ , r i j i = is the current density component in ith direction, z B is the magnetic flux density along z direction, υ c is the specific heat at constant volume, g T is the gas temperature, σ is the electric conductivity, loss Q is the heat loss, r E is the Hall electric field strength, R is the gas constant. r k and fi k are the three-body recombination coefficient and ionization coefficient respectively. The model recommended by Simpson [10] is adopted for the three-body recombination coefficient. In the calculation, the state of the local uniform stability is considered to satisfy Saha equilibrium equation. The ionization coefficient is determined by the three-body recombination coefficient.
At present, the number of mesh point in the r direction is 182, and the average cell size in the r direction is 0.2mm. In order to satisfy CFL condition, the time step is set to 0.01µs . First of all, CIP scheme is used to estimate the hyperbolic equations (1) - (2) and (7) - (9), and we obtain the parameters of the flow field and the particle number density. Secondly, the electron temperature is achieved by the nonlinear algebraic equation (6) that is solved the bisection method. Then, (4) is integrated from the channel inlet to the channel outlet, and the relationship between load resistance and Hall current is established. So the Hall current in the generator channel is got with combination of the two equations. Finally, the Hall current density and the Faraday current density are calculated from A I j r = and (5). Figure 2 . Numerical Region. Figure 2 illustrates the cross sectional configuration of the numerical region. The operating conditions of the generator are listed in Table 1 . radius and height of the throat are r=32.3mm and h=3.14mm, respectively. the cathode inlet has the radius of r=60.4mm (wide 9.6mm). The magnetic field is fairly well-distributed throughout the numerical region along z direction. The flow field numerical region is consistent with the electromagnetic field one from the nozzle inlet (r=27mm, h=7.02 mm) to the cathode outlet (r=70mm, h=6.04 mm).
Numerical Region and Operating Conditions of the Generator
In order to analyze the effect of anode position on the performance of disk MHD generator, five kinds of anode position are taken into account in this study, i.e., each extent is 28mm≤r≤30mm, 32mm≤r≤34mm, 34mm≤r≤36mm, 36mm≤r≤38mm and 40mm≤r≤42mm.
Boundary Conditions
At the inlet boundary, the total pressure and the total temperature can be assumed to be constant, such as table 1. In addition, the radial velocity, the static temperature and the static pressure are determined in the inlet and initial flow field by the isentropic relation. The inlet azimuthal velocity is fixed as zero. The inlet electron temperature is supposed to be 3000K, and the inlet electron number density is calculated by Saha equilibrium equation. The wall temperature is set to 500K, and gas is free outflow at the outlet boundary. When the anode inlet is located in the gradual contraction section of the nozzle, plasma characteristic parameters fluctuate significantly in the generator channel. As shown in Figure 3 , with the anode inlet position moving to the disk core, the electron temperature near the anode widens below 4000K range, and the non-uniformity of the electron temperature is observed. This is attributed to shorten the inlet opening circuit part of the generator, which reduce Joule heating to the electrons. Hence, the relaxation range of the plasma enlarges in the generator channel.
Results and Discussion
This fact induces the low inlet ionization degree of seed Cs to depress Joule heating so that the seed Cs is partially ionized in the channel by Figure. 6 . As a consequence, the instability of the plasma non-equilibrium ionization grows up to enable the high internal resistance of the generator and the low generator performance ( Figure. (Figure 7 ). With increase of the flow velocity, the larger Faraday current density can contribute to Lorenz force acting on the plasma strong gradually. As a result, the fluid flow decelerates, and the shock wave appears in the generator channel. Attributed to shock wave, the static pressure steeply increases (Figure 8) , and the loss of total pressure reduces the isentropic efficiency of the generator. Figure 6 . Seed Cs ionization rate. Figure 7 . Gas radial velocity. Figure 8 . Gas static pressure.
When the anode inlet is located in the gradual expansion section of the nozzle, plasma characteristic parameters fluctuate less in the generator channel. Seeing Figure 3 , As the anode inlet position away from the disk core, the electron temperature is declined in the generator channel, which suppress the weak ionization of the inert gas Ar and enhances the stability of the plasma non-equilibrium ionization. On the other hand, in Figure 6 , the seed Cs is almost fully ionized so that the plasma non-equilibrium ionization is more stable to achieve high generator performances ( Figure  10 ). This ascribes to lengthen the inlet opening circuit part of the generator, and Lorenz force decelerates the fluid flow in the region so as to the small inlet flow velocity (Figure 7) , thereby decreasing Joule heating to electrons and controlling electron temperature over 10000K to make Ar ionization. However, in contrast to the anode inlet position 34mm, other anodes placed in the expansion section of the nozzle reduce the generator performance. The reason is that the unsuitable anode position makes the growth of the plasma non-equilibrium ionization instability. Figure 9 further reveals the effect of the anode position on the non-equilibrium ionization stability of the plasma. When the anode inlet is located in the gradual contraction section of the nozzle, negative Hall potential appears near the anode with the anode moving to the disk core. This is due to the ionization relaxation region in the generator channel (Figure 3) . Therefore, the partial ionization of the seed Cs causes the instability of the plasma non-equilibrium ionization. When the anode inlet is located in the gradual expansion section of the nozzle, as the anode inlet position is far away from the disk core, the Hall potential in the generator channel declines and the change rate of the distribution of Hall potential near the cathode is negative. This shows that the plasma non-equilibrium ionization instability grows up, which increase the generator internal resistance. Hence, the generator performances are reduced. From Figure 10 , it can be seen that when the geometry and boundary conditions of the disk MHD generator are fixed, the performances of the non-equilibrium disk MHD generator are the best when the radius of the anode inlet is 34mm. In the case, power output of the generator is raised to 76.2kW from 52.9kW; Enthalpy extraction rate of the generator is increased to 24.3% from 16.9%; The isentropic efficiency of the generator is up to 52.7% from 39%. Based on the previous analysis, it is known that there is no shock wave in the generator channel, and parameters of plasma fluctuate little and more uniform in the optimal condition. In addition, the seed Cs is almost fully ionized, and the non-equilibrium ionization of the plasma is more stable. This demonstrates that the appropriate anode position can suppress the growth of the plasma non-equilibrium ionization instability. When the anode position is selected inappropriately, the instability of the plasma non-equilibrium ionization enhances, which increases the internal resistance and the internal loss of the generator to the low generator performance.
Conclusion
In this study, the unsteady-state quasi-one-dimensional numerical simulation was performed to reveal the effect of the anode position on the performance of a disk MHD generator with cesium seeded argon plasma as the working gas. The analysis region is from the nozzle inlet to the cathode outlet. The conclusions are as follows:
(1) When the anode inlet is located in the gradual contraction section of the nozzle, the non-equilibrium ionization of the plasma is unstable, and the performance of the disk MHD generator is deteriorated. The non-equilibrium ionization of the plasma is stable when the anode inlet is located in the gradual expansion section of the nozzle, and the performance of the disk MHD generator is improved.
(2) When the geometry and boundary conditions of disk MHD generator are fixed, adjusting the anode position can effectively suppress the growth of plasma non-equilibrium ionization instability and improve the performance of non-equilibrium disk MHD generator.
